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High throughput transmission electron microscopy (TEM) is limited by the time that it takes to prepare
each specimen and insert it on the microscope. It is further impeded by the deteriorating vacuum of the
microscope upon frequent specimen cycling. Nevertheless, in most cases only a small fraction of the
specimen is examined and sufﬁcient to provide hundreds of images. Here we demonstrate that
microarray technology can be used to accurately position picoliter quantities of different samples in a
single TEM grid, with negligible cross-contamination. Key features are a contact-mode deposition on a
robust formvar-carbon support. The TEM grid containing a microarray of different samples, the
ArrayGrid, can also be negatively stained. The ArrayGrid increases the efﬁciency of TEM grid preparation
and examination by at least by one order of magnitude, and is very suitable for screening and data
collection especially in experiments that generate a multiplicity of samples.
& 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license. 1. Introduction
Transmission electron microscopy enables direct visualization
of biological macromolecules with sizes in the 100 kDa–5 MDa
range. Application of 3D reconstruction to TEM images of macro-
molecules became possible with the application of sophisticated
algorithms that recover 3D information from electron microscopic
images and improve the signal to noise ratio through averaging
[1–4]. This was followed by major technical improvements in
different aspects of 3D electron microscopy from TEM hardware
and image detectors to better algorithms and higher computing
power, which in some remarkable cases have yielded 3D struc-
tures with near-atomic resolution [5–8]. In the last decade the
success of 3D electron microscopy in biological research stimulated
the development of automated data collection [9,10] and 3D recon-
struction [11,12], which should speed up the structural determination
of biological macromolecules. However the specimen preparation,r B.V.
receptor; TEM, transmission
ics, Room 3-009, Virginia
ond, VA 23298, USA.
Open access under CC BYwhich can be classiﬁed in two main sample preparation techniques,
negative staining and cryo electron microscopy (cryoEM), has
remained unchanged since when it was ﬁrst conceived decades ago
and now constitutes a bottleneck for high throughput biological TEM.
The technique of negative staining overcomes the intrinsic low
electron contrast of biological molecules, whereby atoms with
large scattering cross-section form an electron-dense shell around
the macromolecule and produce a high contrast image on the TEM
[13]. The resulting image reﬂects not only the outline of the
macromolecule but as the stain inﬁltrates cavities and crevices,
macromolecular substructure is revealed. Consequently, negative
staining is widely used as the ﬁrst approach to study macromo-
lecules by TEM. A variety of characteristics of a given sample such
as homogeneity, aggregation, overall macromolecular shape, and
structural integrity can be easily determined within a single
TEM image [14,15]. Importantly, negative staining is essential to
generate de novo 3D reconstructions of up to 20 Å resolution
[3,16,17]. In another technique, electron crystallography, a wide
array of conditions is tested and iteratively reﬁned for 2D crystal-
lization of the protein of interest in a lengthy trial and error
process [18]. Negative staining TEM is instrumental in this screen-
ing process, as negatively stained 2D crystals can be readily seen,
and a projection map can be calculated from their real space
image. Furthermore the electron diffraction pattern of negatively
stained 2D crystals provides a direct assessment of the degree of
crystal ordering [18–20].
In negative staining, a small volume (5 μL) of sample at a
concentration of 0.05 mg/mL is added to the TEM specimen grid
 license. 
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staining solution is added [13–15]. In experiments where screen-
ing of several samples is required such as optimization of stoichio-
metry, determination of buffer conditions, optimization of sample
concentration, or screening of 2D crystals, the sample preparation
by negative staining is repeated for every sample, which repre-
sents one TEM grid per sample. This process becomes repetitive,
cumbersome and time consuming. Furthermore the successive
specimen insertions in the microscope increase the time to recover
the high vacuum needed for the electron beam, and thus the time
before subsequent specimens can be observed. Taken altogether,
the minimum time needed to prepare and screen 25 negatively
stained samples is around 4 h. Methods for automated TEM grid
preparation have been recently presented, where an array of pre-
stained crystalline solutions is automatically delivered to an array
of TEM grids through a nozzle [10], whole cell contents stained
and written in a TEM grid [21,22], or in the case of cryoEM, a
sample is sprayed onto the TEM grid using inkjet technology
before plunging the grid in the cryogen [23]. In addition manu-
factured multi-TEM grid cartridges and automated TEM grid
loading [10] allow for a more efﬁcient sample insertion on the
TEM. Although in these methods the sample preparation and grid
insertion was automated, there was no deposition of multiple
homogeneous samples in a single grid. Even though the specimen
area in the TEM grid is very small, 7.3 mm2, in most cases the area
needed for TEM imaging and data collection is at least 1000-fold
smaller. Thus in principle, a TEM specimen grid has space for more
than one sample. In this context the microarray technology could
be used to apply multiple samples to a single TEM specimen grid.
Interestingly, microarray technology, initially developed to array
DNA, can deposit small quantities of sample (1–1000 pL) using a
printer-like machine that transfers the liquid from the reservoir to
the assay surface with controllable spot size and center-to-center
distance using high-precision robotics [24–27].
Here we show that using microarray technology it is possible to
array several samples in one TEM specimen grid without cross
contamination among samples, and thus to automate TEM sample
preparation. This results in a reduction of the number of manual
repetitive operations and overall time in going from sample
preparation to observation by more than one order of magnitude.
Furthermore, this allows the insertion of multiple samples into the
TEM in one step, speeding up the process of grid screening while
not compromising data collection.2. Materials and methods
2.1. Materials and test samples
Specialty TEM grids including reference ﬁnder grids and
formvar were purchased from Ted Pella. Collodion was from
Electron Microscopy Sciences. Quantum dot (QDot) 655 Goat IgG,
Alexa Fluor 594 Goat IgG and Alexa Fluor 488 Goat IgG conjugates
were purchased from Invitrogen. G-actin (Sigma) was polymerized
into F-actin by adding 50 mM KCl, 2 mM MgCl2, 1 mM ATP [28]
and incubating at 4 1C for 24 h. The ryanodine receptor was
prepared as previously described [29].2.2. Specimen support
Monotypic carbon layer was made by covering the TEM grids with
a collodion ﬁlm, evaporating carbon over the collodion-covered grids,
and then dissolving the collodion ﬁlm under a chloroform-saturated
environment. Carbon-formvar ﬁlm was made by dipping a glass slide
into a 0.5% formvar solution in chloroform and then ﬂoating off theformvar ﬁlm onto a water surface. TEM grids were overlaid with the
formvar ﬁlm, let to dry, and placed in the evaporator for carbon
evaporation over the formvar layer (modiﬁed from [30]). Vacuum in
the evaporator (Denton Vacuum 502B) was below 1.5106 Torr,
and the carbon rod evaporation source was set 16 cm above the
TEM grids.2.3. Microarrayer
We used a custom-built Stanford/UCSF-design “Mark III” micro-
array deposition machine with the following features: liquid dispen-
sing of 50–500 pL quantities in contact mode, variable center to
center distance, return to spot with approximately 1 μM positional
accuracy, and computer-controlled programming of sample deposi-
tion using the ArrayMaker 2.60 package (courtesy of Joe DeRisi;
http://derisilab.ucsf.edu/index.php?software=43). Depositions were
carried out using a single 22 mm standard capillary-shaft pin and
the zero position was set by positioning the pin near a selected edge
of the TEM grid, so that the center of the microarray matches the
center of the TEM grid. Samples were picked automatically with the
microarray pin from a 384-well plate (pin was lowered to 20 mm
above the bottom of the wells containing 5 mL of sample) and
deposited on the grid; the pin was washed between applications of
samples of varying composition by two repetitions of immersion in
an ultra-sonic 0.5X SSC buffer (150 mM NaCl, 15 mM sodium citrate
pH 7.0) bath for 5″, followed by vacuum-drying for 5″. Relative
humidity was between 50% and 55%.2.4. Optical microscopy
The integrity of the ArrayGrid was tested on a stereomicro-
scope and on an Olympus BH2-UMA microscope. For ﬂuorescence
microscopy, the grid was visualized on an Olympus XI 70 ﬂuores-
cence microscope equipped with a Polycrome V (Till Photonics) as
the light source and the necessary emission ﬁlters (Semrock).
Alexa 488 was visualized with 490/15 nm excitation wavelength
and 535/50 nm emission band-pass ﬁlter, Alexa 594 was visualized
with 560/15 nm excitation wavelength and 620/60 nm emission
band-pass ﬁlter. The signal of Alexa 488 and Alexa 594 was captured
in multiple sequential images using an Andor Luca S digital camera.
Images were then merged ofﬂine using ImageJ software.2.5. Negative staining
After the sample microarray was formed on the grid, the
ArrayGrid was quickly taken from the microarrayer and washed
with a large excess of deionized water (4106 fold with respect to
the o1 nL deposited on the grid) for 2″. The excess water was
then blotted off with ﬁlter paper, and the grid was negatively
stained by application of a drop of 0.75% uranyl formate for 2″,
followed by a second application of the same staining solution for
20″. The excess of stain was blotted off after the two applications
and the grid was let to air dry. The technique does not preclude the
use of other kinds of negative stain, or of buffer wash instead of
deionized water wash; the deionized water wash is used by
default because uranyle-based stains, the most commonly used
for negative staining, produce precipitates at neutral pH.
2.6. Electron microscopy
The ArrayGrid was placed on a regular holder and imaged on a
Tecnai F20 G2 microscope operated at 200 kV under low dose
conditions (exposure below 20 e/Å2) and a magniﬁcation range of
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camera. A TEM grid patterned with symbols was used to aid the
identiﬁcation of a speciﬁc spot through the different magniﬁcations
and to correlate spots between optical and electron microscopies.3. Results and discussion
3.1. Specimen support
The ﬁrst step was to ﬁnd a specimen support amenable to
microarraying. The carbon monotype support is the standard
support in 3D electron microscopy because it is amorphous, stable
under the electron beam, has a low scattering cross-section to the
electrons, and provides a good adsorbing surface for biological
macromolecules [31]. However while in standard TEM of biologi-
cal macromolecules the sample is delivered with a plastic micro-
pipette that touches slightly the edge of the metallic TEM
specimen grid, in the ArrayGrid several samples are delivered via
the microarrayer metal pin in contact mode and the applications
are made directly in the area of observation (see schematics in
Fig. 1A). Using optical microscopy we found that monotypic carbon
support did not preserve its integrity after the impact of the
microarray pin. It is likely that upon contact of the microarrayer
pin the carbon ﬁlm, with limited elasticity, could not temporarily
mold to the pin pressure.
We then tested a combination of carbon with a thin plastic ﬁlm
backing such as formvar. Although less optimal with respect to its
stability under the electron beam [32], it is widely used in the TEM
ﬁeld, it can be extremely uniform and electron transparent [31],
and the sample continues to be adsorbed to the carbon surface as
in the general application. We found that carbon-formvar support
prepared as described in Section 2.2 is suitable for this application,
preserving its physical integrity after microarraying. We attribute
the increased physical resistance to the extra backing provided by
the formvar layer that adds thickness, mechanical resistance, and
elasticity, enabling the ﬁlm to mold to the pin touch. To ensure
that all microarrayed samples encounter uniform carbon coating
thickness and surface properties across the TEM grid, we used our
evaporator's standard placement of the carbon evaporation source
with respect to the TEM grid which gives a deposition angle below
21, and the carbon evaporation was carried out under high vacuum
(o1.5106 Torr) which produces a very ﬁne carbon grain. The
carbon-formvar ﬁlm remained ﬂat as shown by the constant
power spectrum across regions of the same microarray spot or of
neighboring spots.
We analyzed the carbon-formvar support for electron transpar-
ency and stability under the electron beam (lack of charging and/
or drift), both necessary attributes in the structural analysis of
biological macromolecules. Our results show that the carbon-
formvar had an adequate level of electron transparency, with an
electron transmittance above 90% as it is the case with carbon
ﬁlms, and was stable under the electron beam as seen from the
isometric Thon rings with resolution up to 4.35 Å (Fig. 1B, C).
3.2. Demonstration of proof-of-principle using ﬂuorescent
macromolecules
As mentioned in the introduction, in principle, it should be
possible to place multiple samples in one TEM specimen grid using
a microarrayer at a standard microarray density and spot size
(Fig. 1D). To check the feasibility of this idea we used ﬂuorescent
samples that could be seen both by ﬂuorescence microscopy and
by TEM. We chose two ﬂuorophores, Alexa Fluor 488-conjugated
antibody and Alexa 594-conjugated antibody. These were arrayed
on TEM grids with predetermined diameter spot size and center-to-center distances. The microarrayer produced arrays of ﬂuores-
cent round spots with reproducible dimensions and spacing, for
example 100 μm diameter and 200 μm center-to-center distance
in Fig. 2. The reproducibility in spot dimensions and shape is likely
due in part to the design of the microarray tip of the Stanford/
UCSF-design “Mark III” model, which consists of two parallel thin
rods that hold the sample by capillarity, thus bypassing potential
clogging problems and irregular delivery that could exist in a
closed-channel delivery method. In addition, even when the pin
was fully immersed into the reservoir, there was no dripping of
liquid potentially retained in regions of the pin outside of the
capillarity region. These observations are consistent with the
microarray manufacture of standard DNA arrays, where the pin
can hold a relatively large amount of liquid that is delivered into
multiple, regularly sized spots.
Our results illustrate the different degrees of sensitivity and
saturation between optical and electron microscopies. At the
concentration needed to obtain good ﬂuorescent signal, TEM
shows highly packed macromolecules forming visible precipitates
(Fig. 2), while sample concentrations optimal for TEM visualization
were barely visible by ﬂuorescence microscopy. Nevertheless the
TEM analysis of microarrayed Alexa Fluor shows that the spot
boundaries appear well deﬁned even at the high concentration
needed for ﬂuorescence visualization.
3.3. Suitability of the ArrayGrid for negative staining
Given the usefulness and consequent widespread use of nega-
tive staining to determine the shape of macromolecules, this
technique is used for general screening of samples (quality,
aggregation, and homogeneity), screening of 2D crystals, and 3D
reconstruction of macromolecules. In this context, the ability to
negatively stain an ArrayGrid would constitute a new powerful
tool for the electron microscopist. We ﬁrst performed a feasibility
test with QDots, which are robust and relatively large, with an
ellipsoidal structure and dimensions around 6 nm (minor axis) by
12 nm (major axis) for QDot 655 [33,34]. Negative staining enabled
direct electron microscopic identiﬁcation of individual QDots in
the microarray spot, showing their elongated shape surrounded by
the electron dense shell of uranyle (Fig. 3C), and suggesting that
microarrayed samples can undergo negative staining. The spot
boundaries appear well deﬁned, with practically no QDots beyond
the spot and thus negligible cross-contamination. At high sample
concentrations, the negative staining procedure created a distinct
external secondary halo with lower protein concentration
(Fig. 3B). We interpret the halo as an excess of deposited macro-
molecules that were not adsorbed to the carbon; these would be
free to move away from the point of deposition upon the liquid
additions to the grid during the staining process. This secondary halo,
however, continues to have deﬁned boundaries with very few
particles beyond it. High magniﬁcation (700,000 ) images revealed
the QDot's 3.7 Å crystal lattice of CdSe, thus also supporting the
suitability of the microarraying technique presented here for high-
resolution TEM imaging of crystalline molecules.
To check whether the microarray technique could be applied to
biological macromolecules we chose three specimens with differ-
ent characteristics: a soluble protein (G-actin), a ﬁlamentous
polymeric protein (F-actin), and a membrane protein (ryanodine
receptor, or RyR). The different protein solutions were microar-
rayed onto the carbon-formvar grid and negatively stained. The
grid was then placed on a regular specimen holder and observed
on the TEM, and the different samples were examined by translating
the grid in the x, y directions. Addition of the staining solution to the
ArrayGrid resulted in well-deﬁned boundary spots (Fig. 4 Aa–Ab,
Ba–Bb, Ca–Cb), implying that the particles remain adsorbed to the
carbon ﬁlm during the washing and staining steps.
Fig. 1. Microarraying samples in a TEM grid and suitability of the carbon-formvar ﬁlm for TEM imaging. (A) Schematics of the micro-delivery of multiple samples to a surface
using a microarray pin. (B) Fourier transform of an image of the carbon-formvar support. The black circle indicates the highest resolution (4.35 Å) at which Thon rings can be
visualized. (C) Power spectrum of the same carbon-formvar image with the 4.35 Å resolution peak indicated (arrow). (D-E) A microarray in the context of the TEM grid
dimensions. Image of a typical TEM grid (D) next to an image of a DNA microarray (E) displayed at the same scale. At this particular microarray density, the TEM grid would
ﬁt 200 spots.
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Fig. 2. Fluorescence and electron microscopies of an ArrayGrid. (A) Fluorescence microscopy of a 66 microarray of Alexa 594-conjugated antibody (red) and Alexa Fluor
488-conjugated antibody (green). The spot diameter is 60–100 μm and the center-to-center distance is 200 μm. (B) Higher magniﬁcation image of a selected microarray spot.
(C and D) TEM images of a selected Alexa Fluor spot at two magniﬁcations. Even at high concentration the boundaries of the sample are well deﬁned and thus cross-
contamination is negligible. The precipitates visible by TEM correspond to the high concentration required for ﬂuorescence visualization. Correlation between optical and
electron microscopies is facilitated by the lettering in the specimen grid.
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suggests that the sample delivery via the microarray pin does not
damage the protein. It is likely that the contact mode of sample
deposition avoids aggregation or denaturation that could otherwise
be created by the ﬂow of molecules through an enclosed channel.
Another advantage of the sample pickup is the ability to program the
distance between the pin and the bottom of the reservoir, which
allows for picking dense samples with a tendency to sediment or on
the contrary, to avoid undesired components of the sample such as
large aggregates or precipitates. During the microarraying process,
the relative humidity should be high, ideally near 100%, to minimize
evaporation of the subnanoliter-volume spots prior to negative
staining. Nevertheless, the 50–55% relative humidity used in our
experimental setup appeared to be sufﬁcient to preserve the struc-
tural features of the macromolecules tested. The negatively stained
proteins in the microarray spot appear well preserved and retain
their corresponding macromolecular shape, showing unpolymerized
and polymerized actin, the characteristic repeats of the actin ﬁla-
ment, and the overall fourfold symmetric structure with protruding
corners and ﬁlled cavities of the RyR (Fig. 4 Ac–Ad, Bc–Bd, Cc–Cd).
The feasibility to perform negative stain in the ArrayGrid
suggests that indeed this method has signiﬁcant potential for
electron microscopy of biological macromolecules. Main proposed
applications of the ArrayGrid include single-particle analysis in
setups that generate a multiplicity of samples, screening in 2D
crystallization trials, and assessing sample quality in x-ray crystal-
lization trials. Furthermore, for the single-particle methodology,
each microarray spot offers sufﬁcient area for data collection (seesquare corresponding to the CCD area in Fig. 4Ab, Bb, Cb). For
example, a 60-micron diameter spot would enable collecting 100
CCD images in a 4 k4 k CCD camera. Allowing for a range of
25–200 particles per CCD image would yield datasets in the range
of 2,500–20,000 particles, which is sufﬁcient for a 3D reconstruc-
tion even for the conservative estimate. In the case of 2D electron
crystallography, a projection map could be created from images
and diffraction patterns of a 2D crystal within a microarray spot.
3.4. The ArrayGrid increases the efﬁciency by at least one order of
magnitude
Here we compare the performance of the standard method and
the microarray method to prepare 25 negatively stained specimens,
followed by insertion into the TEM until they are ready for observa-
tion. The time of TEM observation, which varies from fewminutes for
fast screening (i.e. to check for 2D crystal formation, or to check the
purity, oligomeric form, or conformation of a protein) to several
hours for data collection, is excluded from this comparison.3.4.1. Negative staining and TEM observation of samples using the
standard method
The sample is applied to the grid and stained, which represents
9 actions performed by the operator (sample application, 2 wash
steps, 2 staining steps, 4 blotting steps according to the method
described in Section 2.5), and then the grid is placed on the TEM
specimen holder and introduced on the TEM instrument. This
Fig. 3. TEM images of microarrayed QDots. (A–C) Negatively stained QDots at high sample concentration seen at different magniﬁcations. Note the appearance of an external
halo of QDots at lower concentration that was created by the mobilization of unbound particles created by the addition of stain. The boundary of the spot is well deﬁned and
there are practically no QDots in the background. (D) High magniﬁcation image (700,000 ) of a QDot showing the 3.7 Å crystal lattice of CdSe. Scale bar, 5 nm.
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ﬁrst consideration is the cumulative time spent in preparing the
multiple grids, which is approximately 4 min/grid, and the number of
interactions between the operator and the TEM grids, 925. The
second consideration is the transfer of the sample from atmospheric
pressure into the high vacuum of the TEM, which contributes as
follows. In the pumping sequence, the distal part of the TEM
specimen holder is pumped down in a pre-evacuation chamber on
the TEM entry port. After a certain vacuum is reached in that
chamber, a valve opens and the specimen holder is placed the
observation position in the central column, at the expense of slightly
deteriorating its high vacuum. When the vacuum in the TEM column
is restored to a satisfactory level, the sample can be imaged. This
cycle takes at least 5 min but when samples are successively inserted
(i.e., during grid screening) the vacuum starts to deteriorate and the
time that it takes to restore the vacuum of the TEM column increases
abruptly (sometimes up to 40 min or more), which is worsened in an
environment with high relative humidity. In summary, the minimum
time of preparation and sample exchange for 25 grids using the
standard methodology is at least 3.75 h and, depending on the grid
exchange frequency, it could be twice as much.3.4.2. Negative staining and TEM observation of samples using the
ArrayGrid method
The microarray layout is designed on the computer, the TEM
grid is placed in the microarrayer, and the microarray head
dispenses the different samples from one or multiple pins that
are washed in between applications, forming the ArrayGrid. The
ArrayGrid is then negatively stained. This represents 9 interactionsbetween the operator and the grid. The ArrayGrid is then placed in
a standard TEM support, and the TEM placed on the TEM. After the
vacuum level is satisfactory, all microarrayed samples are ready for
observation. The total time is 10 min.
Compared to the traditional method, the new methodology
presented here results in an increase in time efﬁciency of at least
one order of magnitude and a decrease in the total number of
manual operations of at least one order of magnitude as well. The
efﬁciency could be increased by adding more spots, with an upper
limit created by the minimum spot size needed for observation or
data collection (50 μm) and the minimum separation between
spots (20 μm).4. Conclusion
This proof-of-concept study demonstrates that the microarray
technology can be used to accurately position picoliter quantities of
multiple samples within micrometric distances in the reduced space
of a single TEM grid with negligible cross-contamination, and that
the resulting TEM grid can be negatively stained. This new high
throughput TEM grid preparation and the screening method repre-
sent savings in time and number of user interactions of at least one
order of magnitude with respect to the standard method. The
ArrayGrid complements the ongoing automation development of
the different aspects of 3D electron microscopy taking place in the
last decade. Because the ArrayGrid presented here uses a regular
specimen holder no further modiﬁcations are needed and can be
observed in any model of TEM. Examples of speciﬁc uses in 3D
electron microscopy are fast screening of samples (different
Fig. 4. Negative staining of arrayed biological samples. (A) G-actin. (B) F-actin. (C) Ryanodine receptor. For each sample, panels a–b show the low magniﬁcation image with
the boundaries of the microarray spot, and panels c–d show the macromolecules visible at high magniﬁcation. The squares in panels b represent the approximate location
and surface area recorded in the corresponding high magniﬁcation images shown in panels c–d.
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ing of 2D crystals) and generation of 3D reconstructions in experi-
mental setups that generate a multiplicity of samples. Large-scale
TEM screening of other microscopic specimens including nanopar-
ticles, unstained particles with inherent high contrast, and screening
of buffers that promote homogeneously dispersed macromolecules
suitable for x-ray crystallization should also beneﬁt from thistechnique. In the future, implementation of a similar methodology
to cryoEM should expand the usefulness of this method.
References
[1] J. Frank, A. Verschoor, M. Boublik, Computer averaging of electron micrographs
of 40S ribosomal subunits, Science 214 (1981) 1353–1355.
P. Castro-Hartmann et al. / Ultramicroscopy 135 (2013) 105–112112[2] R.A. Crowther, D.J. DeRosier, A. Klug, The reconstruction of a three-
dimensional structure from projections and its application to electron micro-
scopy, Proceedings of the Royal Society of London 317 (1970) 319–340.
[3] M. Radermacher, T. Wagenknecht, A. Verschoor, J. Frank, Three-dimensional
reconstruction from a single-exposure, random conical tilt series applied to
the 50S ribosomal subunit of Escherichia coli, Journal of Microscopy 146 (2)
(1987) 113–136.
[4] R. Henderson, J.M. Baldwin, T.A. Ceska, F. Zemlin, E. Beckmann, K. Downing,
Model for the structure of bacteriorhodopsin based on high-resolution
electron cryo-microscopy, Journal of Molecular Biology 213 (1990) 899–929.
[5] N. Grigorieff, T.A. Ceska, K.H. Downing, J.M. Baldwin, R. Henderson, Electron-
crystallographic reﬁnement of the structure of bacteriorhodopsin, Journal of
Molecular Biology 259 (1996) 393–421.
[6] E. Nogales, S.G. Wolf, K.H. Downing, Structure of the alpha beta tubulin dimer
by electron crystallography, Nature 391 (1998) 199–203.
[7] X.C. Bai, I.S. Fernandez, G. McMullan, S.H. Scheres, Ribosome structures to
near-atomic resolution from thirty thousand cryo-EM particles, Elife 2 (2013)
e00461.
[8] Z.H. Zhou, Towards atomic resolution structural determination by single-
particle cryo-electron microscopy, Current Opinion in Structural Biology 18
(2008) 218–228.
[9] C. Suloway, J. Pulokas, D. Fellmann, A. Cheng, F. Guerra, J. Quispe, S. Stagg,
C.S. Potter, B. Carragher, Automated molecular microscopy: the new Leginon
system, Journal of Structural Biology 151 (2005) 41–60.
[10] N. Coudray, G. Hermann, D. Caujolle-Bert, A. Karathanou, F. Erne-Brand,
J.L. Buessler, P. Daum, J.M. Plitzko, M. Chami, U. Mueller, H. Kihl, J.P. Urban,
A. Engel, H.W. Remigy, Automated screening of 2D crystallization trials using
transmission electron microscopy: a high-throughput tool-chain for sample
preparation and microscopic analysis, Journal of Structural Biology 173 (2011)
365–374.
[11] N.R. Voss, D. Lyumkis, A. Cheng, P.W. Lau, A. Mulder, G.C. Lander, E.J. Brignole,
D. Fellmann, C. Irving, E.L. Jacovetty, A. Leung, J. Pulokas, J.D. Quispe,
H. Winkler, C. Yoshioka, B. Carragher, C.S. Potter, A toolbox for ab initio 3-D
reconstructions in single-particle electron microscopy, Journal of Structural
Biology 169 (2010) 389–398.
[12] M. Shatsky, R.J. Hall, E. Nogales, J. Malik, S.E. Brenner, Automated multi-model
reconstruction from single-particle electron microscopy data, Journal of
Structural Biology 170 (2010) 98–108.
[13] N.A. Kiselev, M.B. Sherman, V.L. Tsuprun, Negative staining of proteins,
Electron Microscopy Reviews 3 (1990) 43–72.
[14] S. De Carlo, J.R. Harris, Negative staining and cryo-negative staining of
macromolecules and viruses for TEM, Micron 42 (2011) 117–131.
[15] M. Ohi, Y. Li, Y. Cheng, T. Walz, Negative staining and image classiﬁcation –
powerful tools in modern electron microscopy, Biological Procedures Online 6
(2004) 23–34.
[16] J. Frank, Three-Dimensional Electron Microscopy of Macromolecular Assem-
blies, Academic Press, NY, USA, 1996.
[17] Y. Cheng, E. Wolf, M. Larvie, O. Zak, P. Aisen, N. Grigorieff, S.C. Harrison,
T. Walz, Single particle reconstructions of the transferrin-transferrin receptorcomplex obtained with different specimen preparation techniques, Journal of
Molecular Biology 355 (2006) 1048–1065.
[18] T.M. Dreaden, M. Metcalfe, L.Y. Kim, M.C. Johnson, B.A. Barry, I. Schmidt-Krey,
Screening for two-dimensional crystals by transmission electron microscopy of
negatively stained samples, Methods in Molecular Biology 955 (2013) 73–101.
[19] T. Gonen, P. Sliz, J. Kistler, Y. Cheng, T. Walz, Aquaporin-0 membrane junctions
reveal the structure of a closed water pore, Nature 429 (2004) 193–197.
[20] H. Stahlberg, D. Fotiadis, S. Scheuring, H. Remigy, T. Braun, K. Mitsuoka,
Y. Fujiyoshi, A. Engel, Two-dimensional crystals: a powerful approach to assess
structure, function and dynamics of membrane proteins, FEBS Letters 504
(2001) 166–172.
[21] A. Engel, Assessing Biological Samples with Scanning Probes, in: A Graslund,
R Rigler, J Widengreen (Eds.), Single Molecule Spectroscopy in Chemistry,
Physics and Biology; Springer Series in Chemical Physics, Springer, 2010,
pp. 417–431.
[22] S. Kemmerling, J. Ziegler, G. Schweighauser, S.A. Arnold, D. Giss, S.A. Muller,
P. Ringler, K.N. Goldie, N. Goedecke, A. Hierlemann, H. Stahlberg, A. Engel,
T. Braun, Connecting mu-ﬂuidics to electron microscopy, Journal of Structural
Biology 177 (2012) 128–134.
[23] T. Jain, P. Sheehan, J. Crum, B. Carragher, C.S. Potter, Spotiton: a prototype for
an integrated inkjet dispense and vitriﬁcation system for cryo-TEM, Journal of
Structural Biology 179 (2012) 68–75.
[24] G. Ramsay, DNA chips: state-of-the art, Nature Biotechnology 16 (1998) 40–44.
[25] L.J. Kricka, S.R. Master, T.O. Joos, P. Fortina, Current perspectives in protein
array technology, Annals of Clinical Biochemistry 43 (2006) 457–467.
[26] R.P. Auburn, D.P. Kreil, L.A. Meadows, B. Fischer, S.S. Matilla, S. Russell, Robotic
spotting of cDNA and oligonucleotide microarrays, Trends in Biotechnology 23
(2005) 374–379.
[27] I. Barbulovic-Nad, M. Lucente, Y. Sun, M.J. Zhang, A.R. Wheeler, M. Bussmann,
Bio-microarray fabrication techniques – a review, Critical Reviews in Biotech-
nology 26 (2006) 237–259.
[28] N. Fuller, R.P. Rand, Water in actin polymerization, Biophysical Journal 76
(1999) 3261–3266.
[29] M. Samso, T. Wagenknecht, P.D. Allen, Internal structure and visualization of
transmembrane domains of the RyR1 calcium release channel by cryo-EM,
Nature Structural and Molecular Biology 12 (2005)539-544 12 (2005).
[30] J.J. Bozzola, L.D. Russell, Electron Microscopy: Principles and Techniques for
Biologists, Jones & Bartlett Learning, Sudbury, MA, 1999.
[31] A.W. Robards, A.J. Wilson, Procedures in electron microscopy, Wiley, Chichester,
1993.
[32] R.M. Glaeser, K.H. Downing, Specimen charging on thin ﬁlms with one
conducting layer: discussion of physical principles, Microscopy and Micro-
analysis 10 (2004) 790–796.
[33] Y. Ghasemi, P. Peymani, S. Aﬁﬁ, Quantum dot: magic nanoparticle for imaging,
detection and targeting, Acta Bio Medica 80 (2009) 156–165.
[34] L.W. Zhang, N.A. Monteiro-Riviere, Mechanisms of quantum dot nanoparticle
cellular uptake, Toxicological Sciences 110 (2009) 138–155.
